Vitamin D exerts important regulatory effects on the endocrine and immune systems. Autoimmune type 1 diabetes (T1D) development in the inbred NOD mouse strain can be accelerated by vitamin D insufficiency or suppressed by chronic treatment with high levels of 1␣,25-dihydroxyvitamin D 3 . Consequently, a report that T1D development was unaffected in NOD mice genetically lacking the vitamin D receptor (VDR) was unexpected. To further assess this result, the mutant stock was imported to The Jackson Laboratory, backcrossed once to NOD/ShiLtJ, and progeny rederived through embryo transfer. VDR-deficient NOD mice of both sexes showed significant acceleration of T1D. This acceleration was not associated with alterations in immune cells targeting pancreatic ␤-cells. Rather, the capacity of ␤-cells to produce and/or secrete insulin was severely impaired by the hypocalcaemia developing in VDR-deficient NOD mice fed a standard rodent chow diet. Feeding a high-lactose calcium rescue diet that circumvents a VDR requirement for calcium absorption from the intestine normalized serum calcium levels, restored ␤-cell insulin secretion, corrected glucose intolerance, and eliminated accelerated T1D in VDR-deficient NOD mice. These findings suggest that calcium and/or vitamin D supplementation may improve disease outcomes in some T1D-prone individuals that are calcium deficient. (Endocrinology 152: 4620 -4629, 2011) V itamin D insufficiency has been identified as a potential environmental factor that increases the risk for autoimmune-mediated type 1 diabetes (T1D) (1). Sunlight is the primary induction source of circulating vitamin D. T1D frequency is lowest in humans in equatorial regions, where exposure to sunlight is high, and greatest in more polar regions with reduced sunlight exposure (2). Plasma 25-hydroxyvitamin D 3 , the predominant circulating form of vitamin D, is significantly lower in T1D patients compared with similarly aged subjects. Moreover, increased T1D susceptibility has been associated with polymorphisms in four vitamin D metabolism genes that regulate plasma 25-hydroxyvitamin D 3 levels (3). Inbred NOD mice have provided a model system for dissecting genetic and environmental interactions regulating T1D development (4). Additional support for vitamin D as an environmental factor modulating T1D development is a report that its elimination from diet and UV light sources accelerates disease onset in NOD mice (5). Furthermore, T1D is inhibited in NOD mice supplemented with the metabolically active form of vitamin D 3 , 1␣,25-dihydroxyvitamin D 3 , or various 1␣,25-dihydroxyvitamin D 3 synthetic analogs (6 -9). The reasons why these compounds inhibit T1D development in NOD mice remain unclear. However, several studies have suggested that they do so by initiating vitamin D receptor (VDR)-mediated signaling events normalizing immunological tolerance induction processes, which are impaired in NOD mice, and also possibly human T1D patients. These include reducing the capacity of professional antigen presenting dendritic cells to activate pathogenic T cells (10), increasing the frequency of regulatory T cells (Treg) that suppress autoimmune re-
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itamin D insufficiency has been identified as a potential environmental factor that increases the risk for autoimmune-mediated type 1 diabetes (T1D) (1) . Sunlight is the primary induction source of circulating vitamin D. T1D frequency is lowest in humans in equatorial regions, where exposure to sunlight is high, and greatest in more polar regions with reduced sunlight exposure (2) . Plasma 25-hydroxyvitamin D 3 , the predominant circulating form of vitamin D, is significantly lower in T1D patients compared with similarly aged subjects. Moreover, increased T1D susceptibility has been associated with polymorphisms in four vitamin D metabolism genes that regulate plasma 25-hydroxyvitamin D 3 levels (3). Inbred NOD mice have provided a model system for dissecting genetic and environmental interactions regulating T1D development (4) . Additional support for vitamin D as an environmental factor modulating T1D development is a report that its elimination from diet and UV light sources accelerates disease onset in NOD mice (5) . Furthermore, T1D is inhibited in NOD mice supplemented with the metabolically active form of vitamin D 3 , 1␣,25-dihydroxyvitamin D 3 , or various 1␣,25-dihydroxyvitamin D 3 synthetic analogs (6 -9) . The reasons why these compounds inhibit T1D development in NOD mice remain unclear. However, several studies have suggested that they do so by initiating vitamin D receptor (VDR)-mediated signaling events normalizing immunological tolerance induction processes, which are impaired in NOD mice, and also possibly human T1D patients. These include reducing the capacity of professional antigen presenting dendritic cells to activate pathogenic T cells (10) , increasing the frequency of regulatory T cells (Treg) that suppress autoimmune re-sponses (9, 11) , and by skewing the effector CD4 T cells toward a T helper 2 cytokine production phenotype that putatively inhibits T1D in NOD mice (12) (13) (14) .
Less attention has focused on how 1␣,25-dihydroxyvitamin D 3 or related analogs may reduce T1D risk through their effects on calcium homeostasis. 1␣,25-dihydroxyvitamin D 3 interacts with the VDR in cells of the intestines, kidneys, and bone to maintain serum calcium levels by controlling calcium absorption, retention, and resorption, respectively, by these organs. Vitamin D deficiency-induced calcium insufficiency causes dysregulation of many tissues and organ systems, including those that control the metabolism and absorption of glucose (15) . Indeed, calcium is necessary for both glucose-induced insulin secretion by pancreatic ␤-cells (16) and insulin-mediated glucose uptake by skeletal muscle (17, 18) . This requirement has been clearly demonstrated in rats, which become glucose intolerant when deprived of calcium (19, 20) . Similar states of hypocalcaemia-induced glucose intolerance may accelerate disease in NOD mice and T1D-prone humans by either limiting the capacity of ␤-cells surviving autoimmune destruction to secrete insulin and/or by increasing their insulin requirements for glucose uptake. Some evidence for a link between calcium status and risk for T1D exists for humans. Hyppö nen et al. (21) found that children with suspected rickets in their first year of life were three times more likely to develop T1D compared with healthy infants. T1D patients also have decreased bone mineral density and a greater risk of fractures compared with the general population (22) .
Because vitamin D is required for efficient calcium absorption it is often difficult to differentiate the effects of a vitamin D vs. a calcium deficiency from the available literature. Thus, NOD mice carrying a null allele for the VDR gene (VdrϪ/Ϫ) were previously generated at The Catholic University in Leuven to dissect components of vitamin D-mediated T1D protection. Surprisingly, NOD. VdrϪ/Ϫ mice produced in Leuven did not develop accelerated diabetes compared with their standard NOD strain (23) . However, the current work shows that after rederivation into The Jackson Laboratory (JAX) that involved a single outcross to the NOD/ShiLtJ inbred substrain, both male and female mice of the resultant stock that were homozygous for the disrupted Vdr gene (hereafter designated VDRϪ/Ϫ) were more glucose intolerant and susceptible to T1D than wild-type and heterozygous Vdr-expressing control segregants (hereafter respectively designated VDRϩ/ϩ and VDRϪ/ϩ). Accelerated T1D onset in these latter Vdr Ϫ/Ϫ NOD genetic background mice does not appear to be due to an increase in the pathogenicity of ␤-cell-directed autoimmune responses but rather as a consequence of a hypocalcaemia-induced reduction in ␤-cell function.
Materials and Methods

Mice and diet
Male NOD/Cmat genetic background mice heterozygous for a Vdr gene deletion (23) were imported from The Catholic University to the Type 1 Diabetes Repository at JAX. At JAX, the targeted Vdr mutation was backcrossed for one generation to the inbred NOD/ShiLtJ substrain and pups rederived by embryo transfer. A sibling intercross strategy was then employed to generate a new NOD genetic background stock either homozygous for the Vdr gene deletion (formal designation NOD.CgVdr tm1Ska /CmatJ, JAX no. 6956 hereafter noted as VDRϪ/Ϫ) as well as heterozygous segregants used as controls (hereafter noted VDRϪ/ϩ). An intercross strategy employing VDRϪ/ϩ mice and the previously described NOD.Cg-Prkdc scid Emv30 Ϫ/Ϫ /Dvs strain (24) was used to generate a VDR-deficient NOD background stock that also lacks B and T cells (JAX no. 2313 and here designated SCID.VDRϪ/Ϫ). Colonies were maintained under specific pathogen-free (SPF) conditions. Mice were fed a standard National Institutes of Health rat and mouse 6% fat chow purchased from Purina LabDiet (5K52) (Purina, St. Louis, MO) with calcium and phosphorus levels of 1.17 and 0.93%, respectively. In some studies, a semipurified high-lactose calcium rescue (HiCal) diet (TD.96348) containing 2.0% calcium and 1.25% phosphorus purchased from Harlan Teklad (Madison, WI) was fed to the indicated mice.
Assessment of diabetes and insulitis
Diabetes was assessed by daily monitoring of glycosuria with Ames Diastix (Bayer, Diagnostics Division, Elkhart, IN), with disease onset defined by two consecutive values of more than or equal to 3. A previously described metric (25) was used to assign insulitis scores ranging from 0 (normal ␤-cell mass with no leukocytic infiltration) to 4 (complete destruction) for the indicated mice.
Metabolic studies
For the glucose tolerance test, blood samples were analyzed after overnight fasting at 0, 15, 30, 60, and 120 min after ip injection with 2 g/kg dextrose. For the insulin tolerance test, blood glucose levels were analyzed from fed mice at 0, 15, 30, and 60 min after ip injection with 0.75 U/kg of purified porcine insulin (Novo Nordisk, Bagsvaerd, Denmark). For the glucosestimulated insulin secretion test, blood samples were obtained at 0 and 2 min after ip injection of 3 g/kg dextrose. Blood glucose levels were determined from whole venous blood taken from the tail using an automatic glucose monitor (One Touch Ultra; Lifescan, Mountain View, CA). Insulin levels were measured in serum from retro-orbital bleeds by ELISA (Crystal Chem, Chicago, IL) using mouse insulin as a standard. Serum calcium levels were determined by dilution with Arsenazo III that combines with available calcium to form calcium-Arsenazo, which can be monitored for changes in absorbance at 650 nm using a Beckman SYNCHRON CX5 DELTA atomic absorption spectrometer. Se-rum concentrations of 25-hydroxyvitamin D 3 were assessed using 125 I RIA kits (DiaSorin, Inc., Stillwater, MN).
Immunological studies
For the adoptive transfer of T1D, 5-wk-old male and female SCID.VDRϪ/Ϫ, SCID.VDRϪ/ϩ, and SCID.VDRϩ/ϩ recipients were injected iv with 1 ϫ 10 7 splenocytes from 6-to 7-wkold NOD VDRϪ/Ϫ or VDRϩ/ϩ donors. In a separate experiment, proportions of various leukocyte populations within pancreatic lymph nodes, spleens, and thymii of 14-wk-old VDRϪ/Ϫ and VDRϪ/ϩ female NOD mice were compared by flow cytometry using antibodies specific for the immune cell surface molecules CD4 (RM4-5), CD8 (53-6.72), T cell receptor ␤ (H57-597), B220 (RA3-6B2), CD80 (16-10A1), CD86 (GL-1), CD11c (N418), Gr-1 (RB6-8C5), CD11b (M1/70), and plasmacytoid DC Ag-1 (eBio927). Natural killer T (NKT) cells were detected by staining with a phycoerythrin-conjugated CD1d tetramer loaded with PBS57, an ␣-galactosylceramide (␣-GalCer) analog, provided by the National Institutes of Health Tetramer Facility. For intracellular NKT cell staining, splenocytes from mice injected iv 2 h previously with 4 g per mouse of ␣-GalCer or vehicle were surface labeled with CD1d tetramer, anti-CD4, and anti-TCR␤ and restained with antibodies specific for interferon ␥ (XMG1.2) and IL-4 (11B11) after fixation and permeabilization with solutions from the BD Biosciences intracellular staining kit (BD Biosciences, San Jose, CA). For intracellular FoxP3 staining, cells were surface stained using antibodies for CD4 and CD25 (PC61) molecules before they were fixed and permeabilized with solutions contained within the eBiosciences FoxP3 staining set (eBiosciences, Inc., San Diego, CA). The recommended manufacturer staining protocol was followed using an antimouse/rat FoxP3 antibody (FJK-16s). A Treg suppression assay was performed as previously described (26) . Briefly, Treg were obtained by first purifying CD4
ϩ T cells from spleens of VDRϪ/Ϫ and VDRϩ/ϩ mice by depleting B220 ϩ , CD8
ϩ , CD11b ϩ , and CD11c ϩ cells using a magnetic bead system. The CD25 ϩ fraction was isolated from the eluted CD4 T cells by staining with biotinylated anti-CD25 (clone 7D4; BD Biosciences) followed by selection with streptavidin-conjugated microbeads (Miltenyi Biotec, Auburn, CA). CD4 ϩ
CD25
Ϫ T cells from VDRϩ/ϩ mice were purified as described above and labeled with carboxyfluorescein succinimidyl ester. These cells were then cocultured (5 ϫ 10 4 cells/well) in triplicate with indicated ratios of Treg in round-bottomed 96-well tissue culture plates with 5 g/ml anti-CD3 (clone 145-2C11; BD Biosciences) and 2 ϫ 10 5 / well NOD.scid splenocytes. T-cell proliferation was assessed after incubation at 37 C for 3 d by carboxyfluorescein succinimidyl ester dilution.
Results
VDR deficiency accelerates T1D and promotes glucose intolerance in NOD mice
When fed a standard rodent chow diet, VDRϪ/Ϫ males developed hyperglycemia at an accelerated rate and at higher incidence [80% diabetic by 30 wk of age compared with 40% of wild-type and heterozygous mice (survival curves for wild-type and heterozygous mice overlapped and were thus combined)] (Fig. 1A) . Diabetes onset was also accelerated in VDRϪ/Ϫ females, although their final disease incidence at 30 wk was similar to control mice (Fig.  1A) . The VDRϪ/Ϫ mice displayed anticipated abnormal- ities in vitamin D 3 metabolism, including low levels of serum 25-hydroxyvitamin D 3 , which results from the extremely high 1␣-hydroxylase activity in these animals (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org) (23) . Both male and female VDRϪ/Ϫ mice demonstrated impaired glucose tolerance compared with VDRϩ/ϩ controls when analyzed at 6 -7 wk of age (Fig. 1B) . Although fasting blood glucose values were similar, peak levels at 30 min after injection were significantly higher in VDRϪ/Ϫ mice. Glucose values for both VDRϪ/Ϫ and VDRϩ/ϩ groups returned to near fasting levels by 120 min. To determine whether the accelerated T1D in VDRϪ/Ϫ mice was the result of reduced levels of circulating serum insulin, this hormone was assayed in unmanipulated 16-wk-old male VDRϪ/Ϫ and VDRϩ/ϩ mice fed the standard chow diet ad libitum. Significantly lower average serum insulin concentrations were detected in the VDRϪ/Ϫ mice compared with controls (Fig. 1C) . In contrast to the observed disease acceleration, glucose intolerance, and reduced serum insulin values, we were unable to detect an earlier development of more severe insulitis in either sex of VDRϪ/Ϫ mice compared with controls when scored at 7 wk of age (Supplemental Fig. 2 ). Insulitis levels also did not differ in the 16-wk-old VDRϪ/Ϫ (2.63 Ϯ 0.35) and VDRϩ/ϩ (2.42 Ϯ 0.27) mice used to measure fed serum insulin levels (Fig. 1C) .
Immune effects are not responsible for Vdr deficiency-dependent glucose intolerance and T1D acceleration
We next conducted experiments to determine how VDR status in immune cells might affect the development of T1D. Earlier studies reported that T1D in VDR-intact NOD mice is accelerated by vitamin D 3 deprivation (5) and suppressed by 1␣,25-dihydroxyvitamin D 3 analog supplementation (6, 7). It was hypothesized that these effects may result because depriving or oversupplying NOD mice with vitamin D 3 metabolites, respectively, exacerbates or corrects many of the immune defects that characterize this strain (reviewed in Ref. 27 ). Thus, we initially enumerated different immune cell types in both VDRϪ/Ϫ and VDRϪ/ϩ mice known to contribute to T1D in the NOD strain (Table 1) . VDRϪ/Ϫ female mice had lower levels of CD4 ϩ T cells, but a higher frequency of B cells, in pancreatic lymph nodes and spleen compared with VDRϪ/ϩ controls. Although low in both cases, the proportion of B cells in the thymus was also significantly higher in VDRϪ/Ϫ than VDRϪ/ϩ females (Table 1) . CD8 ϩ T-cell levels were lower only in spleens of VDRϪ/Ϫ females. VDRϪ/Ϫ females were also found to have a higher frequency of CD11c ϩ dendritic cells in pancreatic lymph nodes, and these expressed, respectively, higher and unchanged levels of the T cell costimulatory molecules CD80 and CD86 (Table 1) . It was previously reported that NKT cells and CD25 ϩ CD4 ϩ Treg, which both inhibit T1D in the NOD disease model (reviewed in Ref. 4) , were numerically and functionally deficient in mice lacking VDR (23, 28, 29) . However, we found no differences in the frequency of either cell type between VDRϪ/Ϫ and VDRϪ/ϩ female mice (Table 1) . Furthermore, as assessed by interferon ␥ and IL-4 production, respectively, in response to activation by the NKT cell superagonist ␣-GalCer (Supplemental Fig. 3 ) and the ability of Treg to suppress effector T cells in an in vitro assay (Supplemental Fig. 4), neither of these immuno-modulatory populations appear to functionally differ in VDRϪ/Ϫ and VDRϪ/ϩ mice.
To further evaluate whether VDR deficiency accelerates T1D through immune-mediated effects, VDRdeficient NOD.scid (SCID.VDRϪ/Ϫ) mice were generated that lack B and T cells required for disease development. We initially used this stock to test whether the impaired glucose tolerance described above for the NOD.Vdr Ϫ/Ϫ mice was the result of increased islet cell destruction by autoreactive lymphocytes. As observed for immuno-competent VDRϪ/Ϫ and VDRϩ/ϩ mice, glucose tolerance was significantly impaired in lymphocyte-deficient SCID.VDRϪ/Ϫ mice of both sexes compared with SCID.VDRϩ/ϩ controls ( Fig.  2A ). Next, we tested whether T1D development is accelerated in NOD mice with VDR absent in hematopoietic or somatic cell types or both compartments. This was performed by adoptively transferring splenocytes from VDRϪ/Ϫ or VDRϩ/ϩ mice into SCID.VDRϪ/Ϫ vs. SCID.VDRϪ/ϩ and SCID.VDRϩ/ϩ recipients in a reciprocal fashion. Diabetes development was accelerated in male and female SCID.VDRϪ/Ϫ recipients compared with SCID.VDRϪ/ϩ and SCID.VDRϩ/ϩ mice irrespective of whether they were engrafted with VDRϪ/Ϫ or VDRϩ/ϩ splenocytes (Fig. 2B) . These data collectively indicate that the increased T1D susceptibility of genetically VDR-deficient NOD mice used in the current study that were held under environmental conditions present at JAX is due to the mutational effects on nonimmune cell types.
Disrupting the VDR gene leads to pancreatic ␤-cell dysfunction in vivo
Impaired glucose tolerance in VDR-deficient NOD mice may be due to a lower capacity of this stock to produce and/or respond to insulin. We assessed these possibilities in vivo by performing physiological studies on insulin signaling using SCID. VDRϪ/Ϫ mice. The disparate glucose tolerances observed were not due to differences in insulin sensitivity, because both SCID.VDRϪ/Ϫ and SCID. VDRϩ/ϩ mice responded similarly when injected with exogenous insulin (Fig. 3A) . We also evaluated pancreatic ␤-cell function by measuring acutephase insulin secretion in response to glucose. In this experiment, the serum levels of fasted male and female SCID. VDRϪ/Ϫ mice increased only marginally compared with SCID.VDRϩ/ϩ control animals after glucose injection (Fig. 3B) . This indicates that ␤-cells of VDR-deficient NOD mice are impaired in their ability to produce and/or secrete insulin.
Impaired glucose tolerance and accelerated T1D in VDR-deficient NOD mice can be corrected by calcium
Previous studies demonstrated that glucose intolerance develops in rats rendered hypocalcaemic by vitamin D depletion (30) and that calcium supplementation alone is sufficient to correct this defect (19, 20) . Furthermore, supplementation of vitamin D 3 or 22-oxa-1,25-dihydroxyvitamin D3, a synthetic 1␣,25-dihydroxyvitamin D 3 analog, could not normalize glucose tolerance in the absence of calcium (19, 20) . This suggested that the glucose intolerance associated with vitamin D deficiency predominantly results from the subsequent induction of a hypocalcaemic state. Thus, we evaluated how correcting hypocalcaemia in VDRϪ/Ϫ mice alters their glucose intolerance using a HiCal diet, from which calcium can be absorbed through VDR-independent mechanisms (31). VDRϪ/Ϫ mice fed the HiCal diet from weaning were no longer glucose intolerant compared with VDRϩ/ϩ controls when tested at 6 -7 wk of age (Fig. 4A) . Furthermore, we discovered that established glucose intolerance in a cohort of hypocalcaemic VDRϪ/Ϫ mice could be gradually reversed by switching them from standard chow to the HiCal diet from 6 to 12 wk of age (Fig. 4B ). This was accompanied by increases in weight gain and serum calcium concentrations from typically rachitic levels to those of nonhypocalcaemic VDRϩ/ϩ control mice fed the chow diet (Fig. 4B) . It is likely that the described corrections in glucose tolerances were the result of improved ␤-cell function in response to normalized circulating calcium levels. This conclusion is supported by the finding that acutephase insulin secretion responses for SCID.VDRϪ/Ϫ mice fed the HiCal diet from weaning to 12 wk of age were normal compared with SCID.VDRϩ/ϩ controls (Fig. 4C) . Finally, both VDRϪ/Ϫ and VDRϩ/ϩ mice were fed the HiCal diet from weaning until 30 wk of age to evaluate whether ameliorating hypocalcaemia in VDR-deficient animals influenced their susceptibility to T1D. Feeding HiCal diet significantly reduced the disease incidence in both groups of mice (Fig. 4D) . This was likely, in part, because its ingredients do not include vegetable protein sources present in standard rodent chow diets normally needed to support robust T1D development in standard NOD mice (32, 33) . Nevertheless, both VDRϪ/Ϫ and VDRϩ/ϩ mice were equally well protected from disease by the HiCal diet. This indicates that when systemic calcium concentrations are normalized, VDR-deficient animals no longer have an enhanced susceptibility to T1D. The pathogenic basis for the cases of T1D that did occur in HiCalfed VDRϪ/Ϫ mice is more likely to be due to the autoimmune processes, underlying disease development in unmanipulated standard NOD mice rather than hypocalcaemic-induced defects in insulin production/secretion. For still unclear reasons, in unmanipulated standard NOD mice, there is a female bias in development of autoimmune-mediated T1D (34) . This likely accounts for the higher rate of T1D in HiCal-fed female than male VDRϪ/Ϫ mice.
Discussion
The current work documents that when housed under vivarium conditions extant at JAX, NOD mice homozygous for a targeted Vdr gene deletion are characterized by enhanced T1D susceptibility. Our results differ from a previous study finding a similar stock of NOD background VDRϪ/Ϫ mice housed at The Catholic University had unaltered T1D presentation (23) . Several possible reasons for this disparity exist. Firstly, after 14 backcross cycles of the inactivated Vdr allele from an original outbred donor to NOD/Cmat at Leuven, upon importation of the stock to JAX at N14F7, the mutation underwent an additional backcross to NOD/ShiLtJ allowing production of pups for rederivation through embryo transfer. Rederived heterozygous mice were intercrossed to produce VDRϪ/Ϫ experimental and VDRϪ/ϩ control segregants used in studies at JAX. Genetic quality control conducted by the Type 1 Diabetes Resource (http://type1diabetes.jax.org/) confirmed that the colony established at JAX was homozygous for NOD alleles at 15 loci associated with diabetes susceptibility as well markers on chromosome 15 flanking the targeted Vdr mutation. Nevertheless, it is possible that before rederivation, there may have been some residual heterozygosity at sites other than the targeted Vdr allele (due to a new mutation in the NOD/Cmat stock in Leuven or to some genomic residuum from the original donor stock of the targeted Vdr allele). The additional Several possible candidates exist, including variability in the ingredient and nutrient levels of the diets fed. The Leuven and JAX studies employed chow diets purchased from two different sources (The Carfil Quality Labofood, Leuven, Belgium, and Purina LabDiet, JAX). Both contained protein from wheat and soy, which is required for robust T1D development in NOD mice (32, 33) . However, we were unable to assess whether differences in these and other ingredients possibly contributed to the disparity in the observed T1D rates, because The Carfil Quality Ltd. Co. does not divulge specifics of constituents in their open formula diet. For the same reason, little is known about the nutrient content of the Carfil diet with the exception that it contained similar levels of calcium and phosphorus compared with the Purina LabDiet used at JAX (23) . However, the bioavailability of both minerals depends on the form in which they are added to the diet as well as how they interact with other nutrients (35) . Future experiments are planned to determine whether feeding VDRϪ/Ϫ mice at Leuven the LabDiet alters their disease susceptibility. This will ultimately resolve whether variation between diets contributed to the different rates of T1D onset observed. Another factor that may have added to the different disease responses is varying microbial exposure in the vivaria where the mice were housed for each study, which may have altered the microbiome. It is well documented that T1D incidence in NOD mice is influenced by stimuli from microbes or microbial products (36 -38) . High levels of microbial exposure usually result in suppressing disease penetrance. However, it has also been shown that certain microorganisms are likely required for efficient disease development (39) . Although breeders and progeny at JAX were maintained under SPF conditions, it was not a full barrier facility, whereas in Leuven, breeders were maintained in a high-barrier SPF isolator unit and progeny were raised in a separate installation.
VDRϪ/Ϫ mice at JAX only developed accelerated T1D when hypocalcaemic. This effect was reversed if VDRϪ/Ϫ mice were switched to the HiCal diet. Our results are consistent with other published data showing that calcium is essential for normal ␤-cell function (reviewed in Ref. 16) and that calcium insufficiency results in impaired glucose tolerance that develops independently of a deficiency in vitamin D (19, 20) . Our data did not indicate that pathogenic responses against ␤-cells were exacerbated by a loss of a functional VDR in immune cells. No obvious further exacerbations of deficiencies in the frequency or function of immunoregulatory Treg or NKT cells known to contribute to T1D were detected in VDRϪ/Ϫ mice. VDRϪ/Ϫ splenocytes did not transfer T1D more efficiently into NOD.SCID recipients compared with those from VDRϩ/ϩ donors. Also, hypocalcaemic NOD. SCID.VDRϪ/Ϫ mice that lack lymphocytes required for T1D progression still develop impaired glucose tolerance responses compared with NOD.SCID.VDRϩ/ϩ controls. Hence, T1D acceleration in hypocalcaemic VDRϪ/Ϫ mice is best explained by pancreatic ␤-cells with impaired insulin secretory capacity undergoing an autoimmune attack not differing from that in VDR-intact NOD mice. Most human T1D patients are not hypocalcaemic. However, our results would indicate that the onset of a hypocalcaemic state in humans carrying T1D risk genes could further exacerbate the possibility of actually developing disease.
Deleting the VDR had the greatest impact on male T1D incidence. T1D in male NOD mice is more slowly progressive than in females and is characterized by a high proportion of mice that develop severe insulitis but retain sufficient ␤-cell mass to avoid hyperglycaemia. Further, male mice are less capable than female mice of maintaining glucose homeostasis under conditions of chronic ␤-cell stress (40) . Insulin sensitivity is also less in male than female mice (41) . Due to these collective factors, the moderate stresses imposed on ␤-cells by reduced levels of serum calcium may result in more obvious changes to disease progression in males rather than in females, where a loss in insulin production capacity sufficient to elicit overt hyperglycemia is more rapidly induced by heightened autoimmune responses.
Our results do not explain why VDR-intact NOD mice that do not develop hypocalcaemia are protected from T1D by 1␣,25-dihydroxyvitamin D 3 . It may be that 1␣,25-dihydroxyvitamin D 3 , through binding the VDR, directly promotes expression of genes that normalize immunological tolerance induction processes, underlying T1D susceptibility (reviewed in Ref. 27 ). This may account for why some synthetic analogs of 1␣,25-dihydroxyvitamin D 3 that induce only mild increases in serum calcium concentrations still block T1D (11, (42) (43) (44) . Although some 1␣,25-dihydroxyvitamin D 3 analogs that increase serum calcium concentrations do not alter T1D development in NOD mice (Gysemans, C., and C. Mathieu, unpublished data), there is also evidence that the positive association between hypercalcaemia and vitamin D analog-mediated amelioration of disease may not be simply coincidental. We previously reported that T1D development was more strongly suppressed in NOD mice fed the alphacalcidol analog in place of 1␣,25-dihydroxyvitamin D 3 (9) . The enhanced disease protection was associated with significantly more severe hypercalcaemia in alphacalcidol vs. 1␣,25-dihydroxyvitamin D 3 -fed mice (9) . An interaction between dietary calcium and 1␣,25-dihydroxyvitamin D 3 levels has been described for experimental autoimmune encephalitis (EAE), a mouse model for multiple sclerosis in humans (45) . Feeding C57BL/6J female mice low levels of 1␣,25-dihydroxyvitamin D 3 (6 ng/d) protected completely against EAE when the diet contained a high level of Ca (1%) inducing severe hypercalcaemia. However, even very high levels of 1␣,25-dihydroxyvitamin D 3 (200 ng/d) did not elicit EAE protection when dietary calcium was low (0.2%). The reason for this interaction is as yet unclear. However, because T1D and EAE both have an autoimmune etiology, the possibility exists that high serum calcium levels contribute to effective vitamin D-analog-mediated inhibition of both diseases.
In conclusion, we have found that VDR disruption in NOD mice accelerates T1D by reducing their capacity to supply ␤-cells with sufficient calcium to maintain normal insulin secretion. These data suggest that calcium and/or vitamin D insufficiency may also accelerate disease onset in humans at risk of T1D (and possibly type 2 diabetes). Future treatment of humans at risk for T1D with vitamin D and calcium supplements may help to delay or even prevent the disease in some individuals.
